[1] We have developed a new methodology to simultaneously retrieve the optical depths of aerosols and thin cirrus clouds over the oceans by using the Moderate Resolution Imaging Spectroradiometer (MODIS) Airborne Simulator (MAS) data. This methodology takes advantage of the fact that the visible (or a near-infrared window) reflectance from cirrus can be characterized by its correlation to the reflectance from a near-infrared band located in a strong water vapor absorption region. Once the reflectance due to cirrus has been removed, the residual reflectance in these bands is used to retrieve aerosol optical depth. Cirrus cloud properties are subsequently obtained by minimizing the difference between observed and calculated reflectance values stored in look-up tables that are constructed a priori and correlated to the retrieved aerosol optical depth. Examination of the data gathered from the recent Cirrus Regional Study of Tropical Anvils and Cirrus Layers -Florida Area Cirrus Experiment (CRYSTAL-FACE) and Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS) field campaigns demonstrates that our retrievals are consistent with both in-situ and ground based measurements.
Introduction
[2] Tropospheric aerosols and high-level thin cirrus clouds affect the atmospheric radiation budget and vertical heating rate distribution in different manners that are associated with their unique optical properties and altitude. The occurrence of both appears ubiquitous and it is essential to obtain their microphysical properties simultaneously on a global scale based on satellite remote sensing. However, distinguishing between two optically thin media from space is extremely difficult. Presently, retrieval of such information as optical depth and effective particle size by satellite sensors is made separately. There is evidence that thin/subvisible cirrus may be substantially more widespread than is currently being detected [Wylie and Menzel, 1999] , especially in the tropics [Dessler and Yang, 2003] , and is leading to large errors in the retrieved aerosol properties [Mishchenko et al., 1999] . By using the MODIS sensor with a greater number of channels and high spectral resolution, new information is now available which make it possible to obtain an accurate estimate of both thin cirrus and aerosol optical properties when they occur in the same field-ofview.
[3] We present a procedure to retrieve thin cirrus and aerosol optical depth, as well as cirrus ice crystal effective size, using five MODIS channels [bands 1, 2, 6, 15, 26] that show particular sensitivity to specific aerosol and cirrus properties. Analysis also reveals that the largest expected error occurs from inaccurate characterization of the surface reflectance when aerosol optical depth is small. For this reason, the surface reflectance will be quantified by using the observed clear sky reflectance for appropriate viewing geometry and retrievals will be restricted to the relatively dark (non sun glint) ocean. We validate our results using case studies from both the recent CRYSTAL-FACE and CLAMS field campaigns and attempt to quantify possible cirrus contamination errors on the aerosol retrievals. This new method is a first step in trying to increase the total area in which aerosol information can be obtained and lower the effect that thin cirrus contamination has upon the aerosol retrieval.
Retrieval Method
[4] Cirrus clouds are generally located above most tropospheric aerosols. For visible reflectance with wavelength greater than 0.64 mm, the effects of molecular scattering are relatively weaker than that due to clouds and aerosols particles, and the apparent reflection at the top of the atmosphere can be approximated by the sum of the following three terms including cirrus reflectance (r c ), aerosol reflectance (r a ), and the surface reflectance (r s ) as follows:
where t c and t a represent the cirrus and aerosol transmittance, respectively, and * denotes the upwelling contribution. The reflectance due to aerosols can then be estimated by
where the clear column reflectance, r clr , the apparent cirrus reflectance, r 0 c , and the two-way cirrus transmittance, t 00 c , are defined by the following expressions:
When the optical depths of cirrus and aerosol layers are small, their respective upward and downward transmittances can be expected to approach 1 as long as the solar and viewing angles are not large (less than 30°). Otherwise, cirrus transmittance is estimated by subtracting the cirrus reflectance from 100%. The parameterized equation denoted in equation (1) has been verified by using an exact addingmethod radiative transfer calculation where TOA reflectances are within 0.1% for small aerosol and cirrus optical depths (<0.5).
[5] In order to accurately estimate the aerosol reflectance, both the reflectance due to cirrus only and the reflectance off the surface must be determined with precision. In the present study, the surface reflectance was obtained by averaging a large amount of neighboring observed clear sky pixels that were determined by five tests. The first test used was the standard visible reflectance test for ocean surface taken directly from the MODIS cloud mask [Ackerman et al., 2002] . The next two tests examined spatial uniformity and required a 5 Â 5 group of pixels to have 0.65 mm standard deviation below 0.25% following Martins et al. [2002] and 11 mm BT standard deviation less than 1 K. The last two, the 8.6 -11 mm brightness temperature difference test and the 1.87 mm/0.65 mm reflectance ratio test, specifically target thin cirrus, as described in Roskovensky and Liou [2003] . Since any of the tests could prohibit pixels from being classified as clear, this procedure is clear sky conservative. To get the best estimate of true surface reflectance without an aerosol contribution, we subtract one standard deviation from the mean clear sky value with the understanding that aerosols contribute more significantly to the variance in the measurements.
[6] Cirrus reflectance in a visible band between 0.4-1.0 mm, r c,vis , is correlated to cirrus reflectance the 1.87 mm channel, r c,1.87 , analogously to the 1.38 mm band [Gao and Kaufman, 1995] , by
where c is the correlation between the two bands and d depends on the absorption, scattering and reflection below the cirrus cloud level both given as a function of viewing geometry. This correlation, employing the MODIS 1.38 mm band, has been used operationally to produce visible band cirrus reflectance fields for MODIS [Gao et al., 2002] and has been further exploited to retrieve cirrus optical depth [Meyer et al., 2004] . We find the value of c as the slope of a best-fit line through 100 visible reflectance points correlated with 1.87 mm reflectance defined by 100 bins in the range between 0 -10% with 0.1% resolution. These points were determined from the mean of the cluster of minimum visible reflectance values in each 1.87 mm reflectance bin when examining observed cirrus reflectance. The dots in Figure 1 give an example these points. By using the observed surface reflectance as a measure of d, the observed 1.87 mm reflectance, and c, cirrus reflectance in the 0.65 mm, 0.74 mm, and 0.86 mm channels can be determined. Subtracting the calculated cirrus reflectance from the observed reflectance gives a residual term that corresponds to below cirrus reflectance which can be seen as the horizontal difference between the diamonds and the dots in Figure 1 .
[7] Aerosol optical depths were retrieved by matching the residual term, adjusted for cirrus transmittance as in equation (2), in the three visible and near-infrared bands to 1-D look-up tables (LUT) that were produced using the exact viewing geometry and retrieved surface reflectance. The LUT reflectances were calculated for a sequence of 11 aerosol optical depths from 0.0 to 0.5 using the adding/ doubling method in the radiative transfer model described in Liou [1989a, 1989b] for different aerosol optical depths. The aerosol single-scattering properties were assumed to be those of a clean-maritime distribution taken from D'Almeida et al. [1991] . To maintain a high signal-tonoise ratio, analysis was performed on a group of 50 MAS pixels defined as 10 pixels in 5 adjacent scan lines. This resulted in a retrieval resolution of 250 m Â 500 m at sea level and 250 m (five 12.5 m samples) Â 125 m at cirrus level. The cirrus optical depth and effective ice crystal size were then retrieved using observed reflectance in each of the three visible/near-infrared bands paired with the 1.64 mm reflectance and finding the best fit among pre-calculated reflectances of a 2-D LUT, correlated to the retrieved aerosol optical depth, surface reflectance, and viewing geometry. This table was constructed by the same radiative transfer program but employed nonspherical ice-crystal single-scattering properties that included seven ice crystal size distributions composed of 50% bullet rosettes, 30% hollow columns, and 20% solid plates described in Heymsfield and Platt [1984] , Liou [1989a, 1989b] , and Liou [2002] with effective diameter ranging from 10 -124 mm, explicitly defined in equation (3) in Rolland et al. [2000] . This procedure is similar to that performed operational on MODIS data [King et al., 1997] (see http://modis.gsfc.nasa.gov/data/atbd/atbd_mod05.pdf), except that the present LUT has much finer optical depth resolution (0.1) so that bilinear interpolation could be used. Based on an 8% surface reflectance error, or the average surface reflectance standard deviation, uncertainties in aerosol optical depth (AOD) ranged from 41% to 23% as the AOD increased from 0.1 to 0.2. Uncertainties in cirrus optical depth (COD) are the result from combined errors in surface reflectance and AOD and are estimated to be 48% and 9% when the COD is 0.1 and 0.5, respectively. Although it is not presented, errors in the effective ice crystal size (D e ) can be large when cirrus is very thin.
Case Studies: Data and Validation
[8] During both the CRYSTAL-FACE and CLAMS field campaigns the MAS was situated onboard the ER-2 aircraft which generally flew well above any cirrus clouds. We have chosen MAS calibrated radiances that were collected on two specific days from these campaigns to test our retrieval method. The concentration of other aircraft and the instruments that were conducting in-situ and ground measurements has provided independent data sets for validation of our results.
July 26, 2002 During CRYSTAL-FACE
[9] Onboard the ER-2 was the downward looking Cloud Physics Lidar (CPL) described in McGill et al. [2002] , which detected thin cirrus clouds during a 4-minute period from 1859 -1903 UTC when the plane was over the Gulf of Mexico just northeast of Honduras. Flying roughly 140 seconds in front of the ER-2 and some 900-1300 m toward the east but with the same heading, the WB-57 aircraft descended through the thin cirrus. Onboard this aircraft was the Cloud Integrating Nephelometer (CIN), which measured the ice cloud extinction [Gerber et al., 2000] , and a few particle samplers. Data from the Cloud, Aerosol, Precipitation Spectrometer (CAPS) and the SPP-100 [Baumgardner et al., 2001] were combined to produce a robust ice crystal particle size distribution that included small particles on the order of 1 mm. In order to co-locate with the in-situ data, retrievals were made using the MAS data taken at a 24°viewing angle towards the east as the planes flew in a north-northwesterly direction.
[10] Figure 2 shows the retrieved cirrus and aerosol properties and the manner in which the retrieved cirrus values compare to those calculated from in-situ measurements. The retrieved AOD values between 0.1-0.2 shown in Figure 2a seem to be a reasonable estimate for ocean aerosols, but unfortunately no low flying aircraft nor any ground measurements were present nearby which could have provided validation. AERONET AOD retrievals from southern Florida identified the same range of values throughout July 25-26. It is encouraging that despite the two spikes where low clouds existed (obvious through visible reflectance imagery), the AOD values remained fairly constant regardless of changing COD. In Figures 2b  and 2c , it is seen that the retrieved COD and D e values compare quite well to those determined from the in-situ measurements during the first half of the period when the WB-57 was in the top half of the cloud. The associated COD and D e root mean square errors during this period were 0.301 and 4.192 mm, respectively. The in-situ COD (CIN-CPL) was calculated as the product of the CIN incloud measured extinction coefficient and the vertical cloud thickness as measured by the CPL. In-situ D e was calculated using the CAPS/SPP-100 size distribution data following the formula previously mentioned and by using twice the effective radius (r e ) based on the procedure described in Garrett et al. [2003] . The latter method (dashed curve) shows very good agreement with MAS retrievals while the former (dotted curve) seems to be overestimating the effective crystal sizes toward the second half of the period. We also performed Retrievals as if thin cirrus with an optical depth less than 0.8 went undetected (cirrus reflectance not removed). This produced an average AOD value of 0.787, which correlates to a 386% error in the retrieved AOD.
July 12, 2001 During CLAMS
[11] Retrievals were made during a 2-minute period (1548-1550 UTC) when the ER-2 was just off shore near the mouth of Chesapeake Bay. The aircraft was flying in a north-northeastward direction and passed nearly due west and within 11 km of the CERES Ocean Validation Experiment (COVE) platform. Very thin cirrus was detected using the P-parameter method described in Roskovensky and Liou [2003] most of the period as seen in Figure 3 . Also shown in Figure 3 are the retrieved AOD and COD values along with the COVE AERONET level 2.0 (cloud screened and quality controlled) AOD range as dashed horizontal lines for a 30-minute period centered at roughly 1550 UTC. These lines were position at the times when the ER-2 was located above a 10 km stretch just west and directly upwind of the COVE site. The retrieved AOD values and the AERONET measurements correlate well within their respective uncertainties. Retrievals preformed by ignoring cirrus with an optical depth less than 0.2 lead to an AOD error of 286%.
Conclusion
[12] We have developed a method to estimate both the aerosol and thin cirrus contributions to the total atmospheric optical depth occurring in a single satellite field-of-view. This method is based on the principal of radiative transfer and employs a parameterization of the atmospheric reflectance so that the contributions from cirrus, aerosol, and the surface can be separated. In this development, we require an accurate estimate of the surface reflectance as well as the precise removal of reflectance due to cirrus clouds. This is accomplished through careful interpretation of nearby clear sky data and through an empirical method which correlates cirrus reflectance in the 1.87 mm band to that of the visible and near-infrared non-absorbing channels. The retrieved optical depths for aerosols and thin cirrus compare well to limited in-situ and ground-based measurements from recent field campaigns. Cirrus retrievals were validated using cloud extinction, particle samplers, and lidar cloud thickness data taken during CRYSTAL-FACE. Aerosol retrievals were verified by ground-based AERONET data from CLAMS. Finally, we show that the undetected cirrus can lead to very large errors in the retrieved aerosol optical depth values. 
